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We report our study of a silica-water interface using reactive molecular dynamics. This
first-of-its-kind simulation achieves length and time scales required to investigate the detailed
chemistry of the system. Our molecular dynamics approach is based on the ReaxFF force field of
van Duin et al. 关J. Phys. Chem. A 107, 3803 共2003兲兴. The specific ReaxFF implementation
共SERIALREAX兲 and force fields are first validated on structural properties of pure silica and water
systems. Chemical reactions between reactive water and dangling bonds on a freshly cut silica
surface are analyzed by studying changing chemical composition at the interface. In our simulations,
reactions involving silanol groups reach chemical equilibrium in ⬃250 ps. It is observed that water
molecules penetrate a silica film through a proton-transfer process we call “hydrogen hopping,”
which is similar to the Grotthuss mechanism. In this process, hydrogen atoms pass through the film
by associating and dissociating with oxygen atoms within bulk silica, as opposed to diffusion of
intact water molecules. The effective diffusion constant for this process, taken to be that of hydrogen
atoms within silica, is calculated to be 1.68⫻ 10−6 cm2 / s. Polarization of water molecules in
proximity of the silica surface is also observed. The subsequent alignment of dipoles leads to an
electric potential difference of ⬃10.5 V between the silica slab and water. © 2010 American
Institute of Physics. 关doi:10.1063/1.3407433兴
I. INTRODUCTION

Amorphous silica 共a-SiO2兲, its surface properties, and
hydrolysis have been topics of research in diverse application domains ranging from geosciences to nanoelectronics.
The high dielectric constant and selectivity for chemical
modification make silica among the most widely used substrates in the design of nanoelectronic devices. Recent advances in molecular biology have demonstrated its use in
devices capable of performing in vivo screening of biomolecules and biomolecular processes, along with other applications in biotechnology that rely on surface modification of
silica. Silica can serve as a substrate for biosensors, electronic components, and enzymes.1,2 Since these devices are
often required to function in inhospitable aqueous cellular
environments, a detailed understanding of their interactions
with water is crucial.
Experimental methods such as infrared spectroscopy,3–5
x-ray crystallography,6,7 nuclear magnetic resonance,8 and
electron microscopy do not sufficiently describe the processes by which silica is corroded by water at an atomic
scale.9 Molecular dynamics 共MD兲 techniques, due to their
ability to probe nanoscale spatiotemporal processes, can provide valuable insights into this problem. Conventional classical MD has the ability to simulate bulk properties of
a-SiO2.10–13 It lacks, however, the ability to model chemical
reactions, specifically the dissociation of water and the rea兲
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sulting recombination of O and OH units with the silica surface. Consequently, while conventional MD simulations can
yield reliable data on bulk silica, they do not sufficiently
describe interfacial properties of interest.10 In a significant
effort, Garofalini et al. simulated water-silica interaction using MD with a dissociative water model.14 In this paper, we
put forth several new observations using a more general reactive potential that incorporates variable charges as well as
confirm a number of observations of Garofalini et al. A reactive potential allows changes in bond order, which coincide with changes in electron densities, thereby implying
modification of partial charges. The current work also extends the scale of reactive simulations.
Quantum mechanical ab initio methods have been used
to simulate chemical reactions at the silica-water
interface.10,15 These simulations are typically limited to subnanometer length and picosecond time scales. For this reason, ab initio approaches are unable to simultaneously describe bulk systems and interfaces. Due to limitations on
scalability, surface characteristics of silica in ab initio simulations are artificially constructed, as opposed to being derived from an annealing process.16 These ab initio simulations generally also ignore the interaction of the interfacial
section with the silica bulk. Attempts have been made to
bridge this gap using hybrid simulation techniques, whereby
the surface sites are simulated using quantum calculations
and bulk sections are simulated using classical MD.17 This
approach has potential drawbacks due to the interface between the ab initio and MD regions of the system. Classical
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force fields must be tuned not only to fit experimental results
but also to interface with the ab initio calculations. Inconsistencies between MD force fields and quantum calculations
can result in unwanted changes in the structure of the
system.15
In this work, we use a novel MD force field, ReaxFF,
developed by van Duin et al.18 This method relies on the
development of empirical force fields that mimic the quantum mechanical variation of bond order. ReaxFF replaces the
harmonic bonds of conventional MD with bond orders and
energies that depend on interatomic distances. Valencies, explicitly satisfied in MD simulation, necessitate many-body
calculations in ReaxFF. The approach allows bond order and
all bonded interactions to decay smoothly to zero, allowing
chemical reactions within a MD framework. Consequently,
ReaxFF can overcome many of the limitations inherent to
nonreactive MD while retaining, in large part, the desirable
scalability. The applicability of ReaxFF to large scale silica
systems has been questioned on the basis of its computational cost.19 State-of-the-art implementations 共SERIALREAX兲,
however, have demonstrated excellent computational efficiencies, thereby greatly alleviating scalability concerns.
In this paper, we present the results of a reactive MD
simulation of a water-silica system. We show that ReaxFF is
able to reproduce bulk properties of silica and water to a high
degree of accuracy, silica surface properties in agreement
with that of ab initio calculations, and predict chemical reactions at the interface. To the best of our knowledge, no
other computational approach satisfactorily addresses all
three aspects of this problem simultaneously.
II. METHODS

All of the MD simulations in the paper are performed
using SERIALREAX molecular simulation software version
2.0.0.20 ReaxFF differs from a classical MD approach in several fundamental ways.
• Although no statistical mechanical approach would ever
formally assume distinguishability, indistinguishability
is completely required in the analysis of reactive simulations. ReaxFF allows atoms to move from one chemical species to another. Consequently, interpretation of
ReaxFF data must assume the indistinguishability of
particles, inherent to any quantum mechanical system,
even though the assumption is not explicit in the simulation technique itself. Specifically, for our system, oxygen atoms may transition between water and silica and
hence cannot be labeled as members of specific chemical species.
• The bond order term and its corrections force the ReaxFF potential to be inherently many-body. Consequently, all force field terms dependent on bond order
become many-body interactions. This makes the calculation of a reactive potential more computationally expensive than a classical MD approach.
• The SERIALREAX model incorporates a charge equilibration technique 共QEq兲 introduced by Rappé and
Goddard.21 This approach seeks to minimize electro-

static energy by assigning partial charges based on ionization potential, electron affinities, and atomic radii.
The total electrostatic energy and atomic chemical potential are given by
EQ共Q1 . . . QN兲 = 兺 共EA0 + A0 QA兲 + 1/2 兺 QAQBJAB ,
A

A,B

共1兲
0
A共Q1 . . . QN兲 = A0 + JAA
QA +

兺 JABQB .

共2兲

B⫽A

Total energy is then minimized with the constraints that
total charge remains constant and that all atomic chemical potentials remain equal. Implementation of QEq requires the solution of a large system of linear equations
with constraints. In SERIALREAX, this large system of
equations is solved at every step using an efficient preconditioned linear solver 关GMRES 共Ref. 22兲兴.
• Reordering of chemical species within ReaxFF requires
dynamic neighbor lists, even for bonded interactions,
such as bond, angle, and torsion. This requires careful
design and orchestration of dynamic data structures
within SERIALREAX to minimize computational overhead with regard to classical MD.
These differences add significant complexity to ReaxFF
implementations when compared to a classical MD approach. SERIALREAX relies on a range of sophisticated algorithms, data structures, and numerical techniques to minimize the cost of these computations. As a result, ReaxFF
retains much of desirable scalability of classical MD but
adds considerable simulation power.
A. System preparation
1. Preparation of a-SiO2 system

Since ReaxFF updates bond order and bond order dependent quantities at every time-step, it requires a smaller timestep than conventional MD approaches.23 Chemical reactions
occur over subpicosecond time scales. Thus, all simulations
were performed with a 0.5 fs time-step. All simulations,
unless otherwise noted, were performed at a temperature of
300 K. A Nosé–Hoover thermostat was used in each case to
couple the system to a heat reservoir.24 Whenever a constant
pressure and temperature 共NPT兲 ensemble was utilized, a
Berendsen barostat and thermostat were used to couple to a
bath.25,26 A Berendsen barostat was preferred over a
Parrinello–Rahman barostat to avoid large pressure fluctuations, which can lead to unrealistic chemical reactions.
The amorphous silica system was constructed by initially placing 2000 silica 共SiO2兲 molecules randomly in a
67.4⫻ 67.4⫻ 20.0 Å3 box, resulting in a silica system with
an initial density of 2.2 g / cm3. To eliminate atomic overlaps
and bad contacts, the system was energy-minimized in a microcanonical 共NVE兲 ensemble for 50 ps. The bulk and surface properties of a silica system are highly dependent on the
annealing procedure.27 Simulation of an amorphous silica
slab with the correct structural properties requires very high
temperature annealing.28 Hence, the system was annealed
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FIG. 1. Surface of annealed silica. Undercoordinated silicon atoms are
bound to only three oxygen atoms. Undercoordinated oxygen atoms are
bound to only one silicon atom. 关Image generated with QUTEMOL 共Ref. 29兲.兴

twice from 4000 to 300 K. In the first annealing simulation,
the system was heated to 4000 K and gradually cooled to
300 K with steps of 100 K per 4 ps using NVT ensemble. The
system was again heated to 4000 K using an NPT ensemble
for ⬃75 ps until the system completely melted and formed a
uniform block with dimensions of 52.110⫻ 50.174
⫻ 36.477 Å3. The system was again cooled, still in an NPT
ensemble, to 300 K in steps of 100 K per 4 ps. All NPT
simulations were conducted at a constant pressure of 1 atm.
The final annealed system was used to perform a continuous
simulation of 185 ps for validation of silica properties. The
same system was also used for the silica-water interface
simulation. Figure 1 shows a freshly cut surface of annealed
silica.

FIG. 2. System snapshot: z-axis shown as horizontal. Oxygen 共red兲, hydrogen 共white兲, and silicon 共yellow兲 atoms shown. 关Image generated with QUTEMOL 共Ref. 29兲.兴

pressure effects. After 70 ps, the simulation was then restarted with velocities randomly generated to fit the set temperature. Velocities were reset in order to remove any artifacts from the system construction. The simulation was then
run for a total of 580 ps. The system maintained thermal
equilibrium with the heat bath for the final 150 ps. Therefore,
these steps were used for structural and electrostatic analysis.
As the reactions between water and the silica slab took place
in the first 150 ps of the run, chemical analysis was performed on these initial steps. For the final 370 ps of simulation, position, velocity, bond, and angle data were written
every 250 steps. Figure 2 shows a snapshot of the simulated
system.

B. Force field parameters
2. Preparation of pure water system

The water system was prepared by filling a box of size
51.800⫻ 49.900⫻ 23.600 Å3 共chosen to fit the silica system兲 with 2025 water molecules. This resulted in a density of
0.99 g / cm3. Water molecules were added with random
alignment and location 共avoiding overlap兲. The system was
then thermalized under an NVT ensemble for 664 ps. A NPT
ensemble was not used due to the need to fit the water box to
the silica slab. Although semi-isotropic pressure coupling
would have allowed for a NPT ensemble, it was not available in the SERIALREAX version used in this work. This system was used both for the interface simulation and the validation of water properties. Position, bond, and angle data
were output every 500 steps for water verification analysis.
3. Preparation of silica-water interface

The water and silica systems described above were combined by positioning copies of the water system normal to
the z-axis and adjacent to the silica system, resulting in total
system dimensions of 52.110⫻ 50.174⫻ 83.700 Å3. The
system was then simulated under the NVT ensemble. NVT
was used instead of NPT because the difference in compressibility between a-SiO2 and water would cause unrealistic

To obtain a ReaxFF description capable of describing the
reactions at the SiO2/water interface we modified the ReaxFF
Si/O/H parameters described by van Duin et al.30 While
these parameters could describe Si/ SiO2 interfaces, they
were solely based on quantum mechanical 共QM兲 data describing radical reactions and were thus unable to describe
the energetics related to proton-transfer reactions at the
water/silica interface. To extend ReaxFFSiO共2003兲 to these
reactions, we first replaced the O/H parameters with a set of
ReaxFF O/H parameters fitted against water-clusters and
proton-transfer reactions in H3O+关H2O兴n and OH−关H2O兴n
systems.31 Keeping the O/H parameters fixed, we subsequently refitted the Si/O, Si/Si, and Si/H bond and angle
parameters against the QM-based training set data used to fit
ReaxFFSiO共2003兲. These data included bond dissociation
curves for all Si/O/H bond combinations, angle distortion
energies for all Si/O/H angle combinations, and equations of
state for bulk-Si and bulk-SiO2-data. To augment this training set for water/silica cases, we added two additional sets of
QM-based data 共at the DFT/ B3LYP/ 6-311Gⴱⴱ + + level of
theory兲 to the training set. These sets described 共i兲 the binding and dissociation of a single water molecule from a
Si共OH兲4 molecules and 共ii兲 reaction energies for the Si共OH兲4
polymerization.32 Figure 3 and Table I compare the ReaxFF
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FIG. 3. Reax force field validation.

−1

results to the QM-data for these two cases, indicating that
ReaxFF can successfully describe both the nonreactive interaction of a water molecule with a hydroxylated silica surface
and the reaction energies associated with silica formation.
III. RESULTS
A. Validation of models
1. Water

Validation of the water model involves computation of
the average structural properties of a single water molecule
and the static and dynamic properties of bulk water. Table II
shows a comparison of water properties computed using our
model with those of ab initio simulations and experiments.
In spite of several approximating assumptions, our model
reproduces several key properties of water. The oxygenhydrogen bond length 共dOH兲 in the first line is the average
distance between oxygen and hydrogen atoms that share a
bond order ⱖ 21 . We note that the model reproduces experimental data for bond length and angle within the standard
deviations. The partial charges 共lines 3 and 4兲 on oxygen and
hydrogen atoms 共qO and qH兲 result from the QEq process.
These charges 共please see Fig. 4兲 are lower than the popular
fixed charge water models, such as simple point charge
共SPC兲 and extended simple point charge 共SPC/E兲. Lower
charges are expected since fixed charge models rely on a
mean field approximation of large partial charges to reproduce bulk properties of liquid water.42
Coordinate independence of the dipole moment vector
requires molecular charge neutrality. While the QEq method
implemented in SERIALREAX software imposes a constant
charge constraint on the entire system, it does not require

−0.736232

0
charge(e)

0.36545

1

FIG. 4. Water charge distribution. Water molecule charge is distributed
about neutral, with oxygen and hydrogen charges distributed about −0.736e
and 0.365e, respectively.

molecules to be charge neutral. Hence, computation of the
electrical dipole moment of water in ReaxFF is nontrivial. To
enforce neutrality, half of the oxygen charge was assigned to
each hydrogen atom, ignoring the hydrogen charge computed
by QEq. Figure 4 shows the distribution of charge on water
molecules. The standard deviation of water charge about a
neutral molecule is 4.1⫻ 10−2e, which indicates that a substantial number of water molecules are not neutral. However,
the distribution suggests that the molecular charge constraint
is only marginally violated by the QEq procedure. Consequently, approximations involved in computation of dipole
moment introduce negligible error. The average dipole moment in a water cluster has been established by both
experiment37 and theory43 to be larger than that of an isolated
molecule. The dipole moment reported for ab initio simulation is for an isolated molecule, while the value presented
here is for bulk water.
The structure factor describes the scattering interaction
between incident particles and the form of the scattering medium. Structure factor is not dependent on the nature of the
interaction itself but rather on the geometry of the system
alone. A Fourier transform on the density function produces
the structure factor.44 Since the radial distribution function
共RDF兲 is dependent on the density function, it can be used to
predict the results of scattering experiments. The RDF between two atomic species is defined as
g共r兲 =

N共r兲
,
4  r 2 ␦ r

共3兲

TABLE I. Water data.
Reaction
Si共OH兲4 + Si共OH兲3O− → 共OH兲3Si– O – Si共OH兲2O−
+ H2O共dimer anion兲 + H2O
共OH兲3Si– O – Si共OH兲2O− + Si共OH兲4
→ 共OH兲3Si– O – Si共OH兲2 – O – Si共OH兲2O− + H2O
共trimer anion+ H2O兲
共OH兲3Si– O – Si共OH兲2 – O – Si共OH兲2O− + Si共OH兲4
→ branched quadrimer anion+ H2O
a

Reference 32.

ReaxFF

QMa

⫺23.0

⫺20.8

⫺18.9

⫺14.3

⫺24.0

⫺28.9

where N共r兲 is the number of type 2 atoms in the shell between r and r + ␦r around the type 1 atoms and  is the
number density of type 2 atoms, taken as the ratio of the
number of atoms to the volume of the simulation cell. Table
II 共rows 8 and 9兲 lists the properties derived from O–O RDF.
The RDF for water is presented in Fig. 5.
The diffusion coefficient 共row 10 of Table II兲 of oxygen
in water is representative of its translational mobility. It can
be calculated from the long time behavior of the mean square
displacement 共MSD兲 of the atom using the Einstein relation
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TABLE II. Water data. Reax results compared with ab initio, SPC/E, and experimental. Water bond length is
given as dOH. RDF minimum and maximum values are local min and max. Diffusion is atomic self-diffusion.
Property
dOH 共Å兲
HOH angle 共°兲
qO 共e兲
qH 共e兲
 共D兲
OO distance 共Å兲
OHO angle 共°兲
OO RDF first max. 共Å兲
OO RDF first min. 共Å兲
DO 共Å2 / ps兲
DH 共Å2 / ps兲

ReaxFF

SPC/Ea

Ab initio BLYPb

Experimental

0.98⫾ 0.04
104⫾ 4
−0.73⫾ 0.03
0.36⫾ 0.03
2.1⫾ 0.2
2.88⫾ 0.2
168⫾ 6
2.77
3.35
0.29
0.29

1.000
109.47
⫺0.8476
0.4238
2.35
¯
¯
¯
¯
0.249
¯

0.973
104.4
¯
¯
1.81
2.95
173
2.80
3.35
0.13
¯

0.957c
104.5d
¯
¯
2.9e
2.98f
174g
2.82h
3.51h
0.24i
¯

a

f

b

g

共4兲

where rជ is the position of the atom. The MSD of each atom
was calculated over 166 ps intervals in the 664 ps production
run. A least-squares straight-line fit of the trajectory averaged
MSD was then performed over the subinterval from 40 to
166 ps within the 166 ps interval. Figure 6 shows the MSD
of water oxygen and hydrogen as a function of time. The
diffusion coefficients of these two atomic species do not
show significant difference. This indicates that water diffuses
in bulk water mostly as entire molecules without dissociation.
2. Silica

The validation of the amorphous silica model involves
computation of structural properties including mass density,
bond lengths, bond angles, and RDFs. Table III reports these
properties for the simulated model and a comparison with ab
initio and experimental values.
Though the reported density for silica in ReaxFF is
lower than that from classical MD and experiments, the specifics of the annealing process have an effect on the structural properties of the final system. The silicon-oxygen bond
length 共dSiO兲, calculated as the average distance between
bonded silicon and oxygen atoms, is in agreement with both
experiment and MD. Angles within a tetrahedra 共O–Si–O
angles兲 and between two tetrahedra 共Si–O–Si angles兲 are
given, along with full width at half maximum 共in parentheses兲. There is a wide range of Si–O–Si angles from 120 to
180, which is a fundamental difference between crystalline
silica and a-SiO2.6
Important aspects of the RDF for a-SiO2 are also reported in Table III. The maximum values in the RDF 共RDF
max.兲 show the most likely distance between the two atomic
species in a specific coordination shell. A minimum value
indicates the radius of the shell. The average coordination
numbers for silicon and oxygen 共Si and O coordination, respectively兲, which are determined by counting the number of

atoms within the first coordination shell, reflect the high
level of coordination in bulk silica. The RDFs are presented
in Fig. 7.
B. Silica-water interface

ReaxFF allows the application of a broad range of analytical techniques. This approach yields information about
the change in concentration of chemical species, which otherwise would not be available to MD simulation. ReaxFF is
capable of probing length and time scales that permit utilization of thermodynamic and statistical tools. As a result, the
silica-water interface described produces a large amount of
information. The data can be interpreted to determine the
structural properties of the system, i.e., system geometry,
bond characteristics, and molecular orientations. The scope
of this analysis cannot be reached by ab initio calculations.
Unlike other classical MD approaches, ReaxFF generates
data regarding the chemical composition of the system. Starting with pure water and pure silica, we end with a hydroxylated silica surface covered by silanol 共Si–OH兲 groups. The
30

O−O
H−H
O−H

Water RDF

20

2

具兩rជ共t兲 − rជ共t0兲兩2典
,
6共t − t0兲
t→⬁

D = lim

Reference 38.
Reference 39.
h
Reference 40.
i
Reference 41.

r (Å )

Reference 33.
Reference 34.
c
Reference 35.
d
Reference 36.
e
Reference 37.

10

0

0

1

2

3
g(r)

4

5

6

FIG. 5. Water RDF: RDF between oxygen-oxygen 共O–O兲, hydrogenhydrogen 共H–H兲, and oxygen-hydrogen 共O–H兲 shown for bulk water.
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FIG. 6. Water MSD: mean squared displacement shown for oxygen and
hydrogen atoms within a pure water system.

orientation of the water dipole moment gives rise to electric
polarization along silica-water surface. This charge distribution gives rise to a measurable potential difference between
the water bulk and the silica bulk. ReaxFF facilitates predictions for new experimental techniques to investigate this.
Since ReaxFF is able to simulate chemical reactions, the
approach yields statistically valid samples of reactants produced by the silica-water interface, mostly notably silanol.
We are also able to calculate the bond lengths and angles in
SiOH units.

冕

zG

共n共z兲 − n1兲dz = −

冕

⬁

ReaxFF

共n共z兲 − n2兲dz,

共5兲

where n is the number density of silicon atoms and the
bounds at −⬁ and ⬁ are defined as the points at which n is
randomly distributed about n1 or n2, respectively. Silicon atoms located outside of these boundaries are defined as being
located in the interface, while hydrogen atoms located within
these boundaries are defined as being part of the silica bulk.
The silica system had a width of 36.5 Å before the addition
of water. An identical analysis was performed using hydrogen number density, which yielded results that differed by
less than 0.5 Å. The width of bulk silica, defined as the
3
Oxygen
Total
Hydrogen
Silicon
Gibbs Dividers

MD

Experiment
2.5

a

d

b

e

Reference 45.
Reference 6.
c
Reference 46.

2.23
1.62⫾ 0.05c
¯
¯
152 共35.7兲e
108.3 共12.8兲e
1.595e
¯
4.12e
2.590e
3.155e
¯
¯

Reference 47.
Reference 27.
f
Reference 48.

2.20b
1.608⫾ .004 d
¯
2.65b
144 共38兲,b 153f
109.4,f 109.5b
1.608,d 1.620b
¯
4.15b
2.626,d 2.65b
3.077, 3.12b
¯
¯

2

3

2.14
1.59⫾ 0.07
3.0⫾ 0.2
2.7⫾ 0.3
150 共21.5兲
109.2 共20.9兲
1.56
2.5
3.90
2.53
3.06
3.98
1.99

a

ρz(g/cm )

Density 共g / cm 兲
dSiO 共Å兲
Si–Si dist. 共Å兲
O–O dist. 共Å兲
Si–O–Si angle 共°兲
O–Si–O angle 共°兲
Si–O RDF first max. 共Å兲
Si–O RDF first min.
Si–O RDF second max.
O–O RDF first max.
Si–Si RDF first max.
Si coordination
O coordination
3

8

zG

Silica−Water Mass Densities

Property

7

in the total mass density near the surface results from an
increase in the oxygen mass density. This local maximum is
a result of the strong alignment of water dipole moment with
the silica surface. As is clearly illustrated in Fig. 8, a sharp
boundary between water and silica does not exist.
Thus, in order to clearly describe the interfacial area, a
Gibbs dividing surface 共zG兲 was defined on each water-silica
interfacial area 共Fig. 9兲. The dividing surface is chosen such
that49

−⬁

TABLE III. Silica data. Pure silica in Reax computed with MD and experiment. Silicon oxygen bond is given as dSiO. Max and min RDF values are
local min and max values. Coordination is calculated as the average number
with the first coordination shell. Full width at half maximum is given in
parentheses.

6

FIG. 7. Silica RDF: RDFs in pure silica shown for oxygen-oxygen 共O–O兲,
silicon-silicon 共Si–Si兲, and silicon-oxygen 共Si–O兲.

1. Structural properties

Figure 8 shows the mass density for the interfacial system as well as its constituent atoms. The system was cut into
0.5 Å slabs along the z-axis, and a mass was calculated for
each. The large variations seen in the silica bulk result from
the lack of fluidity at room temperature in a-SiO2, which
prevents the averaging out of local density extrema. A peak

5
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FIG. 8. Mass densities: Mass densities for the interfacial system, illustrating
the locations of the Gibbs dividers 共dashed兲. Included is density of oxygen
共red兲, hydrogen 共teal兲, silicon 共blue兲, and the total 共green兲.
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2. Chemical properties

FIG. 9. Silica-water interfacial area. 关Image generated with
29兲.兴

QUTEMOL

共Ref.

distance separating the Gibbs dividers, is 33.9 Å.
In the reaction with water and a freshly cut silica surface, hydrogen penetration into the silica bulk has been observed as evidenced by Fig. 8. Table IV shows atomic diffusion in the silica bulk 共within the Gibbs dividers兲 for
hydrogen. The diffusion constant was calculated in the same
manner as for bulk water 共see above兲. MSD was calculated
for the atoms beginning within the Gibbs dividers, regardless
of later location. Straight line fitting was performed for trajectories of ⬃200 ps. We propose that water is able to diffuse through a thin film of silica via hydrogen hopping, i.e.,
rather than diffusing as whole units, water molecules dissociate at the surface, and hydrogens diffuse through, combining with other dissociated water molecules at the other surface. This mode of diffusion has been suggested by Bakos et
al.52 to occur when a water molecule encounters a narrow
ring. We proposed that the energy barrier for this reaction
would be lower due the presence of coordination defects on
the surface and within the bulk of the silica slab and could
therefore be a major path of diffusion through a thin silica
film containing undercoordinated silicon atoms and nonbridging oxygen 共NBO兲 sites. Though hydrogen diffusion
was observed in bulk silica, only a handful was able to cross
the entire span. The diffusion constant shown here also
yields estimates of the rate of this process. Order of magnitude estimates show that ⬃109 years would be required for a
mole of water to diffuse through a thin 共1 mm兲 silica container. In continuing investigations, a potential or chemical
potential gradient could be used to increase this rate of
crossing.
TABLE IV. Interface data. Si共OH兲2 is geminal silanol. Full width at half
maximum is given in parentheses.
Property
SiOH conc. 共nm 兲
Si共OH兲2 to SiOH ratio
DH silica bulk 共Å2 / ps兲
Si coordination
Si–O–H bond angle
−2

a

Reference 50.
Reference 51.

b

Reax

Exp.

5.4
0.158
0.0168
3.96
113共8.3兲 ⫾ 7

4.3–5.2,a 4.9b
0.09–0.2a
¯
¯
¯

Since ReaxFF is able to simulate chemical reactions 共the
breaking and forming of bonds, which produce changes in
chemical species throughout a simulation兲, it enables examination of the stoichiometry of the silica-water reaction. Figure 10 shows the time evolution of total number of four types
of chemical species in the silica-water system. Figure 10共a兲
shows the total number of undercoordinated silicon atoms,
while Fig. 10共b兲 shows the total number of NBO atoms.
NBOs are defined as oxygen atoms having a bond with a
silicon atom and no other bonds. Both undercoordinated silicon and oxygen atoms are clearly consumed in the reaction,
approaching an equilibrium value lower than the initial
value. Silanol units 关Fig. 10共d兲兴 are products of this reaction,
increasing from an assumed initial value of 0. The water
curve misleadingly indicates a production of water. The total
number of water molecules started at 4050. The equilibrium
value reached in the reaction is much lower than initial, indicating that water molecules have been consumed, despite
the early transient behavior. Figure 10共c兲 also indicates that
water dissociated within the first few picoseconds. It can be
concluded that the time for the silica/water reaction to reach
equilibrium is on the order of 1/2 ns.
It is clearly observed that the main product of this reaction is silanol 共SiOH兲, in its various forms. We propose,
based on Fig. 10, that reactants for this process are threecoordinated silicon atoms, one-coordinated oxygen atoms,
and dissociated water. A possible equation for this reaction is
H2O + 2Si + O  2SiOH,

共6兲

where Si and O are representative of undercoordinated 共unfilled valency兲 silicon and oxygen atoms either on the silica
surface or in the first few angstroms of the bulk.
Once the reaction has equilibrated, we find the equilibrium concentration of the main reactant and product, H2O
and SiOH, respectively. We find that 149⫾ 2 water molecules have dissociated, while 284⫾ 2 silanols have formed.
Since the ratio of water dissociated to silanol formed is approximately 1:2, we propose that as each water molecule
dissociates at the silica surface, the free hydrogen atom
bonds to an undercoordinated oxygen on the surface, and the
OH group bonds to an undercoordinated silicon atom. The
equilibrium for this reaction is reached when the surface is
completely hydroxylated.
3. Electrostatics

The electric dipole 共
ជ 兲 of water molecules in the silicawater interfacial system was computed using the same
method described in Sec. III A 1. A plot of 具cos共兲典共z兲 共Fig.
11兲, where  is the angle between the z-axis and 
ជ , yields a
polarized alignment of 
ជ with respect to the silica surface.
This alignment of charges along the silica-water interface produces a potential difference between the silica bulk
and the water 共taken to be ground兲. Charge density was calculated by dividing the system into planes along z with width
of 0.5 Å and taking the sum of charges enclosed. Electric
potential was calculated by integrating charge density as a
function of z,53
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FIG. 10. Species quantities: the number of water molecules 共c兲, silanol molecules 共d兲, NBO atoms 共b兲, and undercoordinated silicon atoms 共a兲.
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冕冕
z

z0

z⬘

共z⬙兲dz⬙dz⬘ ,

共7兲

z0

where z0 is in the center of the bulk water, ⑀0 is the permittivity of free space, and  is the charge density.
The method relies on the uniform distribution of charge
within each plane along the z-axis. Since the system has
periodic dimensions in x and y, each plane is mostly homogeneous. Therefore, this assumption does not introduce significant error. The system was divided in half and averaged
in order to eliminate the large fluctuations in charge density
that arise due to the lack of mobility in the solid silica atoms.
The integrals were then performed from the outside-in 共i.e.,
from water to the center of the silica slab兲 to yield the potential 共Fig. 12兲.
Taking the water as ground, we find a potential difference of 11.5 V between the center of the silica slab to the
water, with the silica at a higher potential. This large difference results from the tight alignment of water dipoles with
the interface surface normal. Water molecules at the interface
are nearly 75% aligned, which leads to a large charge distribution at the surface. Ong et al.,54 using second harmonic
generation, determined the interfacial surface potential to be
higher than that of bulk water. A direct comparison between
their results and values reported here is not possible due to
ambiguity in identification of the interfacial surface. We also

note that the potential reported here, which includes contributions from surface and dipole potentials, has the same sign
and similar order of magnitude, provided the interfacial surface is appropriately chosen. Since choice of this surface is
to some extent arbitrary, a quantitative comparison of these
potential values is imprudent.
1.5
Water Dipole Orientation
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FIG. 11. Water dipole moment: orientation of water molecules given as
cosine of the angle between dipole moment and surface normal 共z-axis兲.
Error bars are given as inverse square-root of number of water molecules.
Gibbs dividers 共dashed line兲 shown for reference.
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FIG. 12. Electric potential: averaged over both halves of the interface. Distance 共z兲 shown is distance from the center of the silica slab.

IV. SUMMARY

A large silica-water interface is studied using reactive
MD. This is the first simulation of its kind that achieves the
length and time scales required to investigate various properties of such a system. A system of this size is necessary in
order to produce a sufficient number of silanol units on the
surface to allow for statistical analysis. A simulation time on
the order of a half nanosecond is required to allow the system to reach equilibrium.
Our MD approach is based on a force field proposed by
van Duin et al.30 The specific Reax implementation 共SERIALREAX兲 and force fields are validated by verifying structural
properties of pure silica and water systems. Water properties
such as bond angle and distance, charges, pair correlation
data, and self-diffusion constants were used to compare with
experimental and ab initio data. For pure silica, bond angles
and distances, coordination, and pair correlations were used
to validate the model.
The chemical reactions between reactive water and dangling bonds on a freshly cut silica surface are analyzed. We
analyze these reactions by observing the increasing concentration of silanol units and the decreasing number of dangling bonds on the silica surface. In these simulations, reactions involving silanol groups reached chemical equilibrium
in ⬃250 ps. It is observed that water molecules penetrate a
silica film through a process similar to the Grotthuss mechanism that we call hydrogen hopping. In this process, hydrogen atoms pass through the film by associating and dissociating with oxygen atoms within the bulk silica as opposed to
through diffusion of intact water molecules.
We have successfully simulated a large silica-water interface. The structural, chemical, and electrical properties of
the interface are in excellent agreement with experimental
and quantum chemical data available today.
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